Titanium-island formation on graphene as a function of defect density is investigated. When depositing titanium on pristine graphene, titanium atoms cluster and form islands with an average diameter of about 10 nm and an average height of a few atomic layers. We show that if defects are introduced in the graphene by ion bombardment, the mobility of the deposited titanium atoms is reduced and the average diameter of the islands decreases to 5 nm with monoatomic height. This results in an optimized coverage for hydrogen storage applications since the actual titanium surface available per unit graphene area is significantly increased.
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Hydrogen is one of the most promising energy carriers, particularly since its only combustion waste product is water.
1 Its practical exploitation, however, is hindered by several technical problems. Among these one of the most challenging is storage.
1,2 In this respect, graphene recently attracted attention as a storage material owing to its chemical stability, low weight, and favorable physical-chemical properties for hydrogen adsorption.
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Importantly it was shown that this storage capacity can be further increased by surface functionalization of graphene. 4 Titanium was indicated as one of the most promising candidates for such functionalization. 5, 6 Theoretical calculations showed gravimetric densities of up to 7.8 wt.%. 5 These estimates were based on the assumption of isolated titanium atoms positioned at the center of the graphene hexagons: unfortunately titanium forms relatively large islands when deposited on a graphene surface. 7 Compared to individual atoms, islands present less binding sites per atom for hydrogen.
8 Indeed, as Ti islands grow larger, more and more atoms are in the bulk configuration and are expected not to contribute to the net hydrogen-storage capacity of the system, with a resulting significantly smaller hydrogen uptake. A possible way to achieve smaller islands or even individual titanium atoms on the graphene surface would be to reduce their mobility on the graphene surface, so that they would not cluster after deposition. Although this could in principle be done by cooling down the sample, such an approach is of no practical interest since upon the first annealing cycle island coalescence would occur and lead to an irreversible change in island morphology.
Here we present a different approach based on the controlled introduction of defects in the graphene layer. Defects change the electronic structure and can pin the titanium atoms to the defect sites themselves. Several calculations predicted a strong binding of the titanium atoms to defects in a graphene sheet. 4, 9, 10 Due to an increased charge transfer, the binding energy of the hydrogen molecules may be slightly lowered in this case of titaa) Electronic mail: stefan.heun@nano.cnr.it nium on graphene with defects, but this is not expected to influence the stability at room temperature.
4,9,10
We used monolayer graphene grown on 4H-SiC(0001) as a substrate. It was obtained by annealing atomicallyflat 4H-SiC(0001) samples for several minutes in argon atmosphere of 780 mbar at about 1700 K. Graphene quality and the actual number of layers were verified by atomic force microscopy and Raman spectroscopy.
All sample preparation and measurements were carried out in a two-chamber ultra high vacuum (UHV) system with a base pressure below 1 × 10 −10 mbar. For preparation and analysis, the system is equipped with H 2 supply, sputter gun, heating/cooling stage (approx. 100 K to 1300 K), Ti-evaporator, and quadrupole mass spectrometer. Characterization of the clean and processed surfaces was performed with a variable-temperature scanning tunneling microscope (STM). Details about the microscope can be found elsewhere.
11 After introducing graphene samples into the UHV system, they were annealed at 900 K for several hours to remove water and other adsorbates. This was done by direct current heating of the substrate to ensure a homogeneous temperature. The latter was measured by a type K thermocouple at the position of the sample and cross-calibrated by an optical pyrometer.
Defects in the graphene film were produced by molecular-nitrogen sputtering. To this end samples were positioned in the beam focus of the sputter gun, and a nitrogen pressure of 1.5 × 10 −8 mbar was applied to the preparation chamber through a needle valve. Sputter energies between 50 eV and 300 eV as well as sputter times from 30 s to 8 min were used to produce different defect patterns. Ion current was monitored by means of an ampermeter connected to the sample. The size and distribution of the resulting defects were analyzed by high-resolution STM imaging.
Different types of defects can be induced by nitrogen sputtering depending on the sputter energy: nitrogen bombardment can create both vacancies and carbonatom substitutions. [12] [13] [14] [15] The latter defect type is more likely at low energies around 50 eV, while there is a growing probability for vacancies with increasing energy. We did not observe any particular trend in the size or shape of the individual defects created by varying sputter time or energy. However, since similar hydrogen binding properties are predicted for titanium pinned at the two defect types, 9,10 we did not distinguish between the type of defect, but merely counted their total number. Additionally we measured the average size of the distortion in the electronic structure as seen by STM.
As can be seen in Fig. 1 , the defect density increases linearly with (a) sputter time and (b) with sputter energy. The graphs show the counted number of defects per 100 nm 2 , averaged over several images. Error bars are the standard deviation of the average. The time-dependent measurements were taken at a constant sputter energy of E = 200 eV while the energy-dependent measurements were taken at a constant sputter time of t = 150 s. Annealing the surface for t = 10 min at a temperature of T = 900 K did not change the distribution of the defects. The inset of Fig. 1(b) shows a 5 × 5 nm 2 STM image (V=1 V, I=0.8 nA) of a defect, which was created by sputtering at 100 eV, and the atomically-resolved graphene surface. Figure 2 shows the change in the Raman spectra induced by sputtering (Laser wavelength λ = 532 nm). The D, G, and 2D-peaks are marked. The other features originate from the SiC substrate. The D-peak is located around 1360 cm −1 , it originates the from breathing modes of the hexagonal rings and requires defects for its activation. 16, 17 It is not present in pristine graphene and increases in intensity with increasing disorder. The 2D-peak (historically also known as G') is located at 2720 cm −1 . It is the second order of the D-peak. Since it originates from a process where two phonons with opposite wavevectors ensure momentum conservation, no defects are required and thus it is also present in pristine graphene. Nevertheless, the process is influenced by the density of defects, and thus the intensity of the 2D-peak decreases for higher sputter rates, in good agreement with previous reports.
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Following defect creation by sputtering, we deposited titanium onto the surface. The total amount of deposited titanium for all samples was 0.55 ML (1 ML = 1.32 × 10 15 atoms/cm 2 ), as calibrated by STM. The observed change in the distribution of titanium as a function of the different sputtering parameters is shown in Fig. 3 . For small sputter energies up to approximately 100 eV that yield a rather low defect density, we registered little change in island distribution. The number of islands increased very slowly and their average diameter decreased by less than 20%. On the contrary, when we increased the sputter energy (and therefore the defect density) to 200 eV and more, we observed a significant increase in the density of the titanium islands and a marked decrease in their size. We counted approximately 10 times more islands per unit area with respect to pristine graphene, and observed an average reduction in their diameter by more than a factor of two. Figure 3(a) shows a 100 × 100 nm 2 STM image of Tiislands deposited on a pristine graphene surface. Relatively few islands are present, their average diameter exceed 10 nm and their height is few (2 − 3) atomic layers. Sputtering the sample for 150 s at an ion energy of E = 300 eV before titanium deposition leads to a much higher density of islands as shown in Fig. 3(b) . Here island di- ameters are around 5 nm and heights are of one atomic layer only. Fig. 3(c) shows the increase in the number of titanium islands per 100 nm 2 as a function of sputter energy with a constant sputter time of 150 s. The corresponding size of the islands is shown in Fig. 3(d) . The measured surface area of the titanium islands normalized to a sample region of 100 nm 2 is plotted in Fig. 3(e) . It shows an increase of the actual titanium surface by approximately a factor of 4 for a intensely sputtered sample with respect to Ti-deposition on pristine graphene surface. It is not possible to see the defects in the graphene sheet underneath the titanium islands by STM, but we never saw any defects in the uncovered regions between the titanium islands. We conclude that the islands were indeed formed on top of the defects. Comparing Fig. 1(b) and Fig. 3(c) leads to the observation that the number of induced defects is approximately twice as high as the number of titanium islands at any given sputter energy. This indicates that there is often more than one defect underneath an individual island. Importantly, titanium islands were stable at least up to T = 900 K: annealing for 10 min did not change the distribution as measured by STM.
We investigated the dependence of titanium-island distribution on the number of defects introduced in graphene. We showed that titanium atoms deposited after nitrogen sputtering are less mobile on the surface compared with pristine graphene and pin onto the defects. This leads to more and significantly smaller titanium islands, since it is no longer possible for the atoms to move large distances and agglomerate with other titanium atoms into large islands. This results in a larger surface available for hydrogen binding per unit graphene area.
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